A photonic implementation of a reconfigurable microwave transversal filter is proposed. The implementation allows the filter taps to be both positive and negative. This allows for greater flexibility in the design of the filter so that bandpass and lowpass filters with flatter passbands could be realised. A four-tap version of the filter is demonstrated.
Introduction: Optically realised microwave filters offer advantages such as large operating bandwidth and immunity to microwave interference. Several researchers have investigated microwave photonic filters to enable tunable and reconfigurable systems. Capmany et al. [1] proposed a filter system that employs an array of tunable lasers. The filter can be both tuned and reconfigured by changing the wavelength separation and optical power, respectively. Vidal et al. [2] proposed a modification that replaced the array of tunable lasers with a single multiwavelength source. Discrete tuning is achieved using a switched dispersion matrix. This is a more economical solution but the filter taps are limited to positive coefficients. This restricts the filters to only lowpass and also restricts the flexibility in the design of the lowpass filters.
Several techniques have been proposed to implement negative coefficients. Two-tap bandpass filters using all optical techniques have been demonstrated in [3] [4] [5] . Electro-optic techniques have been reported in [6] and [7] . However, these require separate arrays of tunable lasers to implement each of the set of positive and negative coefficients.
In this Letter, we propose a modification to the filter proposed in [2] . The implementation allows for both positive and negative taps using a single wavelength selective element. A four-tap version of the filter is demonstrated. Fig. 1 shows a block diagram of the proposed microwave transversal filter. The optical carrier is provided by a single multiwavelength source. The optical power is divided into two arms using a 2=3:1=3 directional coupler. Each arm contains an electrooptic modulator. One modulator is biased at positive quadrature (þve arm) and the other is biased at negative quadrature (Àve arm). The optical signal in the þve arm travels through a reconfigurable optical filter (ROF) to shape the signal. The signals from the two arms are then combined and launched into a dispersive medium to obtain the wavelength dependent delays. The detected RF signal at the output of the dispersive medium is a filtered version of the input RF signal. 
Principle of operation:
where N is the number of carrier wavelengths, l n is the n the wavelength of the optical carrier, S(l n ) is the optical power at the source, a(l n ) is the transfer function of the ROF, t n is the time delay experienced by l n through the dispersive medium, and o is the RF frequency.
With no ROF attenuation of the power (i.e. a(l n ) ¼ 1 for all n), all the coefficients (taps) are positive with amplitude of 1=3. When the entire positive arm signal is attenuated (i.e. a(l n ) ¼ 0 for all n), all the taps are negative. By setting the a(l n ) to values between 0 and 1, the transfer function of the filter can be reconfigured to obtain any combination of positive and negative coefficients with amplitudes between À1=3 and 1=3.
Experimental setup: To verify the proposed filter concept, a four-tap version of the filter was realised using the setup shown in Fig. 2 . A WDM source and a dynamic channel equaliser (DCE) would be the preferable components for the multiwavelength source and the ROF, respectively, because they would have matching wavelength separations. However, the optical filter available was a dynamic gain equaliser (DGE) module. A DGE works as a wavelength dependent attenuator but has a broader channel separation than a DCE. Four tunable lasers set at equally spaced wavelengths of 1535, 1540, 1545 and 1550 nm were combined and used to simulate a WDM source with wavelength separation compatible with the DGE. The particular DGE used in the implementation has 26 channels with channel separation of 2 nm and a 3 dB bandwidth of 2.5 nm per channel. A cascade of three 50:50 couplers and a variable optical attenuator (VOA) in the negative arm were used to replace the 2=3:1=3 directional coupler. The VOA was set such that the optical power in the negative arm was approximately half the power in the positive arm. To avoid coherent interference when combining the signals from both arms, a polarisation beam splitter was used to combine the signals as described in [8] . A true time delay phase shifter (TTD-PS) was used in the negative arm to adjust the path-lengths.
Fig. 2 Experiment setup
To use the system to realise a lowpass filter with a flat passband, the impulse response should approximate a sinc function. To approximate a sinc function using four coefficients, the two centre taps at 1540 and 1545 nm were set to equal positive values (no attenuation from the ROF at these wavelengths). Using the DGE, the optical power in the positive arms at wavelengths 1535 and 1550 nm were attenuated to obtain negative coefficients at these wavelengths, as shown in Fig. 3 . By controlling the amount of attenuation at these wavelengths different ratios of positive to negative taps were obtained corresponding to different apodisations of the impulse response. The advantage of the proposed filter is that a single source and ROF is used for both positive and negative arms and therefore the same taps (wavelengths) can be set to either positive or negative values. The filter can be reconfigured by simply adjusting the parameters of the ROF, which can be achieved digitally. However, the system operation is based on the cancellation of intensity modulation from both arms, which results in a reduction in the optical link gain.
Discrete tuning of the filter could be accomplished through the use of a switched dispersion matrix as described in [2] . Continuous tuning could be carried out using a tunable multiwavelength source in which case a more flexible ROF would be required.
Conclusions: A reconfigurable photonically realised RF transversal filter is proposed, which allows for both positive and negative coefficients using a single wavelength selective element. A four-tap version of the filter has been demonstrated showing the feasibility of realising lowpass filters with flatter response and sharper roll-off factors than is possible with only positive coefficients. The filter has the advantage of using a single power multiwavelength optical source and reconfigurable optical filter for both positive and negative taps but this comes at the cost of reduced link gain. Investigation of the proposed filter using a WDM source and a DCE will be conducted in the future. 
